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CHAPTER 1 

Introduction 

The total primary energy supply in the world is projected to increase by 34.8% from 

13.3 Gtoe in 2016 to 17.9 Gtoe in 2040 (BP energy outlook, 2018). The speed of energy 

transition from conventional to renewable sources of energy is uncertain. The evolving 

transition scenario which assumes that social preferences, technologies, and policies 

change with a pace similar to most recent years, predicts that the oil and gas sector 

contribution for energy supply will remain significant with the value of more than 50% of 

the total energy (BP energy outlook, 2018).With the global oil recovery factor of less than 

34% and the difficulty in discovering of new oil fields, revitalizing and extending the life 

span of mature reservoirs become an important goals of the energy sector today (Abdulbaki 

et al., 2014; Ali, 2012). 

The most widely used method to increase oil production is water-flooding (Mustoni 

et al., 2010; Alhuraishawy et al., 2017; Zaitoun et al., 2017). Water-flooding is the injection 

of water into the reservoir to displace the oil (Seright et al., 2006). Heterogeneity of the 

reservoir and existence of layers with high permeability (thief zones) restrict the 

effectiveness of water-flooding because water preferably passes through the layers with 

less resistance to flow. Therefore, existence of thief zones in the reservoir leads to impotent 

recirculation of water in the reservoir which consequently results in low oil recovery and 

excess water production (Imqam et al., 2018). 

1.1 Problem Statement 

Excessive water production is a significant challenge in the oil industry because it 

leads to unrecoverable oil in mature oil fields and has severe environmental and economic 

impacts (Mustoni et al., 2010; Alhuraishawy et al., 2017; Zaitoun et al., 2017). Controlling 

water flow in the reservoir during oil production has been the goal of the upstream oil 

industry (Bailey et al., 2000; Manrique et al., 2012). It is considered that the majority of 

the unwanted water production results from conformance problems that existed because of 

the heterogeneity of the oil reservoir (Thrasher et al., 2016; Bai et al., 2013). Polymer gels 

have been effectively used to address this problem. They are globally applied to improve 

the efficiency of water-flooding and other improved oil recovery (IOR) methods (Sydansk, 
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1990; Seright et al., 2006; Bai et al., 2007; Zaitoun et al., 2007; Al-Muntasheri et al., 2007). 

Polymer gels effectively block the high permeability thief zones and provide diversion of 

injected water toward low permeability un-swept zones. Such treatment of the 

conformance problems would cost-effectively extend the productive life of the reservoir 

by both mitigating the water production and recovering of bypassed oil reserves (Coste et 

al., 2000; Bai et al., 2013; Seright 2006a). 

The selection of appropriate polymer gels for a specific reservoir is a difficult task 

for oil field operators. This is due to the complexity of conformance related problems that 

may encounter either near the wellbore or deeply in the formation. These systems were 

also prepared with various chemical properties, and forms. Furthermore, reservoir 

conditions, such as temperature, pH, salinity, degree of heterogeneity, and type of rocks 

are also complicating the application of these technologies. Therefore, the success and 

effectiveness of treatment highly depend on the proper selection of the system. Various 

polymer gel systems have been introduced in both oil fields and laboratory experiments 

over the past five decades to address various conditions encounter during the treatment 

process.  

Several authors reviewed various polymer gel systems used for the conformance 

control application over the past two decades (Moradi, 2000; Vossoughi, 2000; Vasgas- 

Vargas-Vasquez and Romero-Zeron, 2008; Chung et al., 2011; Han et al., 2014; Abdulbaki 

et al., 2014; El-Kasrani et al., 2014b; Bai et al., 2015; Zhu et al., 2017; Amir et al., 2019; 

Ghriga et al., 2019).  The most recent reviews were focused on the review of development 

of polymer gel systems for in-depth flow diversion application (Chung et al., 2011; 

Abdulbaki et al., 2014; Bai et al., 2015) and polymer gel systems for high temperature and 

high salinity reservoirs (Zhu et al., 2017; Amir et al., 2019; Ghriga et al., 2019).  

Vargas-Vasquez and Romero-Zeron (2008) provides a review on the factors 

affecting HPAM/Cr (III) acetate gelation kinetic, gelation time, gel strength, gel stability, 

syneresis and rheology. Abdulbaki et al. (2014) gave a review of four different polymer 

microgels for in-depth flow diversion applications. Four different types of microgels 

including colloidal dispersion gels, preformed particle gels, temperature activated 

microgels and pH-sensitive polymers were reviewed in their paper. Their review covers 
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the characteristics of four types of microgels with the focus on both lab and field studies. 

El-Kasrani et al. (2014b) provided a review of the polymer gel systems introduced between 

the years 2001 to 2011, regardless of being implemented in the oil field or introduced in 

the lab experiments. Bai et al. (2015) presented a thorough review of polyacrylamide based 

gel systems and based on their form classified them into three categories: in-situ monomer 

based, in-situ polymer based and preformed gels. They also compared these three 

categories based on their ability to provide deep flow diversion. Zhu et al. (2017) reviewed 

polymer gel systems technologies and categorized them into three groups: in-situ cross-

linked, foamed gels and preformed gels. This study covers a large number of polymer gel 

systems with various chemistries that have been introduced in the lab and field for high 

reservoir temperature water management applications. Most recently, Amir et al. (2019) 

with the same purpose provide a literature review on the organically cross-linked in-situ 

polymer gels for high salinity and high temperature reservoirs. Different organically cross-

linked in-situ gel systems are discussed in terms of chemistry and gelation kinetics. Factors 

affecting the gelation time of the gel systems are also extensively reviewed. In their review, 

they covered phenol based, formaldehyde based and polyethylenimine cross-linked gel 

systems. Ghriga et al. (2019) specifically focused on the review of polyethylenimine based 

organically cross-linked gel systems for high temperature reservoirs. In their review, they 

studied various polymers/PEI gel systems, the lab and field observations regarding their 

gel strength and gelation time of these systems are reviewed. 

Among all polymer gel systems that are studied for the past two decades, six 

polymer gel systems including HPAM/Cr (III) acetate, PAtBA/PEI, CDGS, PPGs, TAPs 

and Microgels are commercialized and widely applied around the globe. Table 1-1 shows 

the summary of previous reviews that covered one or some of these widely applied polymer 

gel systems. Although, most of these reviews studied some of these polymer gel systems 

but based on my best knowledge there is no document that fully covered all these six widely 

applied technologies. The previous reviews that covered most of these systems were 

focused mainly on chemistry, kinetic and gelation time and gel strength through lab and 

field observations of these systems. However, other aspects of polymer gel systems such 

as relative permeability modification, selectivity of penetration, in-depth permeability 

reduction and methods used in field or lab to improve the performance are not fully 
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covered. Furthermore, for the past five years (2015-June 2019), there are substantial 

number of papers published on the development and characteristics of these six 

technologies that are not addressed in previous review studies.  

Table 1-1: Overview of previous review papers on polymer gel systems. 

Author and 

Year 

Systems covered Focus of the study Factors Considered 

Vargas-

Vasquez and 

Romero-

Zeron, 2008 

HPAM/Cr(III) acetate  Factors affecting  

cross-linking reaction 

kinetic, rheology, 

gelation time, gel 

strength, syneresis, gel 

stability 

Temperature, Solvent 

salinity, Cross linker 

concentration, 

reservoir minerals, 

polymer hydrolysis, 

polymer molecular 

weight, shear 

environment, 

polymer 

concentration  

Abdulbaki et 

al., 2014 

CDGs, PPGs, TAPs, pH-

sensitive polymers 

Review of polymer 

microgels for 

conformance control 

Microgels 

characteristics, 

laboratory 

observations, field 

applications, 

rheology and 

plugging mechanism. 

El-kasrani et 

al., 2014 

PAM/PEI, AMPS/PEI, 

PHPA/Chitosan, 

Polyurethane Resin, 

PAtBA/PEI, PDVSA 

Gel, AMPS/N,N’-

DMA/PEI 

PAtBA/Chitosan, 

PHPA/Cr+3 Foam, 

PHPA/ Cr+3 Nano-

particles, 

PHPA/terpolymer Cr+3, 

CDGs, PPGs, TAPs 

Review of 

development of 

polymer gel systems 

for deep modification 

of water injection 

profile and near 

wellbore water shutoff 

between years 2001-

2011  

 

Highlight advances , 

developments 

advantages, 

shortcomings and 

summarized the field 

applications  

Bai et al., 

2015 

In-situ monomer gels, in-

situ polymer gels 

including HPAM/Cr (III) 

acetate & PAtBA/PEI, 

preformed gels including 

CDGs,PPGs,TAPs 

Review the 

development of 

Polyacrylamide based 

polymer gel systems 

based on their 

composition, form and 

application condition 

Chemistry, 

characteristics, 

advantages, 

disadvantages, field 

applications  

 

 

Zhu et al., 

2017 

In-situ gel systems 

including PAtBA/PEI 

Preformed gels including 

TAPs and Microgels 

and Foam gels 

Chemically review the 

polymer gel systems 

for high temperature 

and high salinity 

reservoirs 

Gelation formulation, 

gelation time, gel 

strength 
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Amir et al., 

2019 

 Phenol-formaldehyde 

cross-linker 

Hexamethylenetetramine 

cross-linker 

Polyethylenimine cross-

linker including  

PAtBA/PEI 

Study of   organically 

cross-linked systems 

for high temperature 

reservoirs in terms of  

chemistry, gelation 

mechanism , factors 

affecting gelation  

kinetics and field 

application 

Temperature, initial 

pH, Salinity, Polymer 

concentration, Cross-

linker concentration, 

additives 

Ghriga et al., 

2019 

PAtBA/PEI 

PAM/PEI 

PHPA/PEI 

HAP/PEI 

Other polymers/PEI 

 Highlight recent 

improvement of 

gelation time and gel 

strength of 

polymer/PEI 

systems  

Chemistry, gelant 

composition, gelation 

kinetics, Effect of 

additives  

* Explanation of bold terms used in second column of the Table 1-1 can be found in List 

of ABBREVIATONS (page xii). 

1.2 Objectives of the Research 

This study aims to provide a review of the polymer gel technologies that are 

commercialized and widely applied in the oil fields. The overall objective of this research 

is to provide an updated review on the six widely and globally applied polymer gel 

technologies in the area of conformance control. The specific objectives are to: 

1) review the characteristics, development and application of most widely applied 

polymer gel systems. 

2) compare the selected technologies based on their properties and their performance 

at reservoir conditions. 

This study provides an updated review that summarizes results of the previous field 

treatments and lab observations, which is helpful to the reservoir engineers and oil field 

operators. It will also provide them with the methods that have been used to further improve 

the effectiveness of these technologies. Finally, the review provides new insights about 

these polymer gel technologies, identifies the gaps in the literature, and provides directions 

for future research of polymer gel systems improvement for various conformance and 

reservoir conditions. 
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1.3 Methodology 

 Similar to most literature review studies, the internet and in particular Google 

Scholar search tool and University of Windsor collections were used to conduct the 

research. The first step was to search for “Conformance Control” and “Polymer Gel” 

phrases targeting scientific journals, theses, and dissertations. With identifying the scope 

of the research, six polymer gel systems include HPAM/Cr (III) acetate, PABA/PEI, 

CDGs, PPGs, SMG Microgels, and TAPs were selected for further research. For this 

purpose, major keywords such as “HPAM”, “Chromium”, “PAtBA”, “PEI”, “CDGs”, 

“PPGs”, “TAPs”, “Bright Water”, and “Microgels” combined with phrases such as, 

“Conformance Control”, “Water shutoff”, “Profile Modification” and “In-Depth Flow 

Diversion” were used for further searches. A variety of databases were searched, including 

Google Scholar, One Petro, Scopus, Science Direct, Wiley Online Library, and ProQuest. 

A quick review of the research results indicated that the most valuable sources are coming 

from the Society of Petroleum Engineering (SPE) peer-reviewed journals and conference 

publications. Polymer gels have a longtime application in conformance control; thus, the 

initial search has returned a substantial number of results. The search revealed over 700 

papers that were related to the topics. As a result, a need for filtering procedure to keep the 

most valuable resources became more apparent. The main inclusion/exclusion criteria were 

specialization, originality, and research date as detailed below: 

(a) Specialization:  include the publications which were specific to the application 

of polymer gels for conformance control that are commercialized and widely applied in the 

oil fields. Exclude the publications which were related to application of polymer gels for 

other purposes such as well abandonments and polymer gels systems that have not been 

implemented in field applications. 

(b) Originality: selected innovative, new and unique studies from peer-reviewed 

and conference publications which were resulted from field observation and lab 

experiments. Also, using different databases, such as Google Scholar, an effort has been 

made to find the most cited publications in the previous literature review documents. 
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(c) Research duration and language: the publications were limited to English, and 

the publications from the time period of 2015-June 2019 were prioritized. The outdated 

research papers which were about obsolete technologies were excluded. 

The identified literature was reviewed, and papers were chronologically and 

thematically categorized. The combination of data analysis including inclusion/exclusion 

criteria and sorting the relevant information in different categories, has led to accomplish 

a framework for obtaining the valuable information and knowledge about the research topic 

and perform the required analysis. 

1.4 Brief Description of Chapters 

Chapter 2 focuses on the reviews of the concepts of enhanced oil recovery, 

conformance control, and the relation between reservoir conformance and excess water 

production. Conformance issues causing poor recovery and excess water production are 

discussed in some details. Finally, conformance improvement technologies, including 

mechanical, completion, and chemical methods, are explained briefly. 

Chapter 3 discusses the application of polymer flooding and polymer gel 

treatments. The commonalities and differences between these two technologies are 

explained. The standard terms used to measure the performance of these technologies 

quantitatively are described. Because the main focus of this research is on polymer gel 

treatments, different types of gel treatments terms and operations are explained. 

Chapter 4, as the main body of this study, reviews the literature on the six 

commercially available polymer gel technologies in conformance control applications. 

Polymer gel systems were categorized into two main groups i.e., conventional in-situ bulk 

gels and novel microgels. For each of the selected technologies, both field application 

results and relevant laboratory experiments are reviewed. The introduction to the 

technologies, their development, the effect of reservoir condition (temperature, salinity, 

pH, etc.) and other important information related to the performance of these technologies 

are explained and summarized. 

Chapter 5 presents the conclusions. Some recommendations for further research 

and improvements are provided as well. 
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CHAPTER 2 

Enhanced Oil Recovery and Conformance Issues 

2.1 Enhanced Oil Recovery and Conformance 

Primary, secondary and tertiary recoveries are the three main stages of oil 

production (Sheng, 2011). In the primary recovery, the flow of the hydrocarbon into the 

wellbore is induced by using pumps (artificial lift) and by mechanisms that are naturally 

occurring in the reservoir (Sheng, 2011). Such mechanisms include water drive, gravity 

drainage, gas cap drive, solution gas drive, and fluid/rock expansion (Sheng, 2011). The 

primary recovery stage is not economically viable in the long term, because it is able to 

recover only up to 15% of the original oil in place (OOIP) (Green and Willhite, 1998). 

Secondary recoveries involve the injection of immiscible fluid, gas or water (water 

flooding) in order to maintain the reservoir pressure and to displace the remaining oil in 

the reservoir, and they can produce an extra 10 to 15% of original oil in place (OOIP) 

(Green and Willhite, 1998; Sheng, 2011). Generally, primary and secondary recovery can 

account for the extraction of approximately, 35% of the total oil in the reservoir (Green 

and Willhite, 1998). 

Tertiary oil recovery or the so-called enhanced oil recovery (EOR) technique is 

applying energy or chemicals that do not naturally exist in the reservoir to extract the 

remaining oil in the reservoir after primary and secondary recovery (Green and Willhite, 

1998). Thermal recovery, chemical injection and miscible (gas) injection are the three main 

categories of EOR methods (Green and Willhite, 1998). Thermal recovery furthermore 

divided into in-situ combustions, steam flooding, cyclic steam injection, and steam aided 

gravity drainage (SAGD) (Sheng, 2011). Chemical injection (flooding) methods include 

surfactant flooding, alkaline flooding, polymer flooding, and microbial methods (Sheng, 

2011). The miscible injection methods include nitrogen flooding, carbon dioxide flooding, 

cyclic carbon dioxide simulation and solvent flooding (Sheng, 2011; Sydansk & Romero, 

2011).  Figure 2-1 summarizes the recovery methods and also another IOR method, 

conformance control. Conformance controls are not oil recovery methods but they widely 

used to improve the performance of secondary and tertiary methods. The concept of 
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conformance control and its role on improving the oil recovery are explained in more 

details in the following sections of this chapter. 

 

Figure 2-1: Enhanced oil recovery methods. 

For any of the recovery methods mentioned in Figure 2-1, the total recovery factor 

(RF) is defined as the product of macroscopic displacement or volumetric sweep efficiency 

(EI) and the microscopic displacement efficiency (ED) as follow: 

 RF=ED×EI                                                                                                                                            (2.1) 

The volumetric sweep efficiency (EI) is defined as the product of areal (EA) and 

vertical sweep efficiency (EV): 

  EI=EA×EV                                                                                                                                                                                (2.2) 

Equations (2.1) and (2.2) indicate that the improvement of the oil recovery can be 

achieved by the improvement of both microscopic and macroscopic efficiencies (Green 

and Willhite, 1998; Sydansk & Romero, 2011). 
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The microscopic displacement efficiency (ED) is defined as the volume of oil 

removed from the swept zones for any pore volume of the injected fluids (Sydansk & 

Romero, 2011). The microscopic displacement efficiency is related to the residual oil 

saturation (Sor), or oil remained in the area of the reservoir that is already swept (Sydansk 

& Romero, 2011). The presence of capillary force, viscous force, rock wettability, 

interfacial tension and surface tension between fluids and rocks in the reservoir are the 

factors that are controlling the residual oil saturation (Green and Willhite, 1998).  

Generally, displacement efficiency, is improved when oil viscosity, capillary force, 

and interfacial tension decreased and the rock becomes water wet (Green and Willhite, 

1998). Therefore, this efficiency can be improved with the injection of any material that 

can target the rocks and fluids interactions. For example, in the case of surfactant flooding, 

the mechanism of oil displacement is based on the reduction of interfacial tension, while 

polymer flooding increases the displacing fluid viscosity (Green and Willhite, 1998). In 

the case of steam injection, the heat applied to the oil reduces the viscosity of the oil and 

improves the displacement, and solvent injection helps the oil remained in the pores to 

move easier by reducing the capillary force. Alkaline flooding proved to be effective in 

enhanced oil recovery by reducing interfacial tension and wettability alteration (Sydansk 

& Romero, 2011). 

Volumetric sweep efficiency (EI) is defined as the percent of the pore volume that 

is swept by the injection fluid to the total volume containing oil (Sydansk & Romero, 

2011). Figure 2-2 illustrates the most important reservoir poor recovery reasons. Poor 

volumetric sweep efficiency in an oil reservoir can be due to the following reasons: 

 Heterogeneity of the reservoir causes the displacing fluid to flow through 

areas/zones of high permeability. 

 Fractures in the reservoir. 

 Viscosity of the displacing fluid is less than oil and can cause viscous fingering of 

the injected fluid. 

 Oil wet rock  
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Therefore, the volumetric sweep efficiency (EI) can be improved by modifying the 

permeability, wettability alteration, decreasing oil viscosity or increasing displacing 

fluid viscosity (Sydansk & Romero, 2011). 

 

Figure 2-2: Five main reasons for reservoir poor recovery (adopted from Green and 

Willhite, 1998). 

In general, the measure of volumetric sweep efficiency during any oil-recovery 

process that conducts flooding is described with the term conformance (Sydansk & 

Romero, 2011). The term conformance also used widely to address the excessive water 

production during oil recovery. It is clear that excess water production and early water 

breakthrough has a negative impact on overall volumetric sweep efficiency and oil 

production (Sydansk & Romero, 2011). To visualize favorable conformance two premises 

should be kept. First, the displacing fluid contacts the oil bank in every region in the 

reservoir and second, the oil recovery flood front moves easily and equally throughout the 

whole volume of the reservoir (Sydansk & Romero, 2011). 

Figure 2-3 illustrates the ideal conformance and aerial and vertical conformance 

problems. As Figure 2-3 (a) shows, the non-uniform aerial and vertical flood front or so-
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called conformance problems are caused by unfavorable mobility ratio and/or 

heterogeneity of the reservoir which referred to as conformance problem roots. In Figure 

2-3 (a) on the vertical view, the layer three with the higher permeability than other layers 

(K3>K2>K1>K4) would uptake the water while the oil in the layer four with the lowest 

permeability remains un-swept. The mobility ratio (M) greater than unity means water has 

higher mobility than oil and as shown in aerial view of Figure 2-3 (a) the injected water 

finds its way to the produced with fingering and oil remains un-swept. Figure 2-3 (b) shows 

an ideal case where mobility ratio (M) is less than unity and all four layers having same 

permeability (K1=K2=K3=K4). In this case, all the volume of the reservoir would sweep 

by water and results in more oil recovery.  

 

Figure 2-3: Reservoir conformance, (a) poor and (b) ideal. 

2.2 Excessive Water Production 

Oil production is usually accompanied by water production (Lantz and Muniz, 

2014). Excessive water produced during oil and gas operation is an issue that is affecting 

all of the oil reservoirs worldwide (Bai et al., 2013).  The produced water reduces the 

expected economic life of the reservoir and creates significant technical and environmental 

problems (Imqam et al., 2017). As reservoir undergoes water-flooding and becomes 

mature, the issue of water production increases (Bai et al., 2013).  As reservoir matures and 

undergoes water-flooding, the water can be as much as 98% of the material extracted 

(Yusta-García et al., 2017). 
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The common term used by oil operators to address this problem is water to oil ratio 

(WOR). WOR defined by Equation 2.3 as follow: 

WOR =
Qw

Qo
                                                                                                                     (2.3) 

where Qw and Qo represent the flow rates of water and oil, respectively (Sydansk & 

Romero, 2011). 

It is reported that on average three barrels of water are produced for one barrel of 

oil on the global scale (Bailey et al., 2000). However, in the United States, the average 

WOR is reported to be around eight (Al-Muntasheri, 2012). The oil and gas industry 

produced an average of 33.4 million m3 of water each day in 2000, and this value increased 

to 39.64 million m3 in 2005 (Al-Muntasheri, 2012). In the North Sea oil reservoirs, the 

problem was worse, where 222 million tons of water was produced each day for only 4 

thousand tons of hydrocarbon (Al-Muntasheri, 2012).  Van Eijden et al. (2004) reported 

that the water production in the Shell group has increased substantially from 2.2 million 

barrels/day to more than 6.3 million barrels/day in less than 15 years. 

Cost of handling, lifting, de-oiling, pumping, separation and disposal of large 

amount of water; increased rate of corrosion, scaling and sand production; environmental 

concerns and liabilities; and, damage to formation by re-injection are among the main 

problems associated with early water breakthrough which often impose additional costs to 

the production and significantly impact the ultimate recovery (Seright et al., 2003).  

Bailey et al. (2000) estimated that the average annual cost of disposal of produced 

water worldwide was $40 billion in 1990 and this amount was reported to be $42 billion in 

2002 (Bøye et al., 2011). Hill et al. (2012) mentioned that the annual cost of separations, 

disposal, and treatment of produced water in the global scale was $ 50 billion. The most 

recent analysis on produced water treatment market (Grand View Research Group, 2016), 

shows that the strict environmental regulations progressively increased the treatment 

market size. The cost of excessive water treatment in 2015 was USD 5.81 billion and 

expected to reach USD 9.8 billion by 2024 (Grand View Research Group, 2016). 
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2.3 Sources of Water Production Problems 

Water production problems can be categorized into two main groups based on their 

proximity to the wellbore: (1) Near-wellbore related problems, and (2) Reservoir-related 

problems (Bailey et al., 2000). 

2.3.1 Near Wellbore Problems 

Near wellbore problems usually take place during the early stages of oil production 

and are from either mechanical or completion roots (Bailey et al., 2000). 

Mechanical problems 

If any of the casing, tubing or packer has poor mechanical integrity, the leakage of 

water is likely to occur. The failure may be due to the corrosion of the casing or excessive 

pressure during operations. As Figure 2-4 shows, the leaks allow water to penetrate into 

the wellbore from water zones bellow perforation (Bailey et al., 2000). 

 

Figure 2-4: Casing, tubing or packers leaks (Bailey et al., 2000). 

Completion problems 

The two most common completion problems are (1) flow behind casing, and (2) 

moving oil-water contact (Bailey et al., 2000). 

Flow behind casing Inadequate or failed primary cementing can connect water-

bearing layers to the perforated zone. As Figure 2-5 (a) shows, these roots allow the water 

to flow into the annulus (Bailey et al., 2000). 

  

Moving oil-water contact During normal water-driven production in a well a 

uniform oil-water contact might move up to the perforated zone and lead to unwanted water 

Oil Bearing 

(Low K) 

Layer 

Water Bearing 

(High K) Layer 
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production (Figure 2-5 (b)) This type of problem may occur when the oil water contact 

(OWC) and perforations are close to each other and there is a low vertical permeability in 

the formation (Bailey et al., 2000). 

 

(a) Flow behind casing                      (b) Moving OWC 

Figure 2-5: Completion problems, (a) flow behind casing and (b) moving oil water 

contact (Bailey et al., 2000). 

2.3.2 Reservoir Related Problems 

These types of problems are usually occurring when a reservoir matures or at least 

has gone through some production. The water production problems are mainly due to the 

permeability heterogeneity of the reservoir and/or viscosity contrast between water and 

hydrocarbons (Bailey et al., 2000). 

High permeability layer without cross-flow Figure 2-6 shows a high permeability 

layer between two shale layers. Shale layers with having very low permeability are working 

as barriers. In this case, the water source may be from a water flood injection well or an 

aquifer. Because there is no pressure communication between layers, water preferably 

flows through the high permeability zone (Bailey et al., 2000). 
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Figure 2-6: High Permeability layer without cross flow (Bailey et al., 2000). 

Fractures between injector and the producers in naturally fractured formations 

such as carbonate reservoirs, as shown in Figure 2-7, the injected water can easily and 

rapidly breakthrough if there is a fracture that connects the two wells (Bailey et al., 2000). 

 

Figure 2-7: Fractures between injector and the producer (Bailey et al., 2000). 

Fractures from a water layer Figure 2-8 shows how natural fractures in the 

water-bearing zones can contribute to the water production.  This type of problem can also 

initiate after hydraulic fracturing if the fractures penetrate to the water-bearing zone on top 

or bottom of the oil-bearing zones (Bailey et al., 2000). 
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Figure 4-20: Bright Water activated by heat and time (reprinted with permission from 

Garmeh et al., 2011). 

 

Figure 4-21: Simulation of vertical sweep improvement by Bright Water (reprinted with 

permission from Husband et al., 2010). 

The injectivity, propagation and plugging efficiency of Bright Water have been 

studied by several authors (Pritchett et al., 2003; Frampton et al., 2004; Mustoni et al., 

2010; Garmeh et al., 2011). Pritchett et al. (2003) stated that the kernels do not have 

injectivity problems because they are only one component at the time of injection and 

therefore chromatographic separation could not occur. Frampton et al. (2004) demonstrated 

that the sub-micron-particles could penetrate through sandpack without face plug. They 
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also mentioned that slug of the Bright Water exhibits low Fr. Therefore, it can selectivity 

propagate deep into high permeability pathways. Mustoni et al. (2010) sandpack 

experiments show a similar result. As Figure 4-22 shows, the 40 ft long sandpack treated 

with 3,000 ppm TAPs solution followed by post-water injection does not experience flow 

resistance in the first 10 ft of the core. While the other three sections of the core experience 

high Frr due to the swelling of the TAPs after 200 days of aging time. 

 

Figure 4-22: Sand pack test results: 3000 ppm Bright Water at 80° C (reprinted with 

permission from Mustoni et al., 2010). 

Different authors also studied the ability of TAPs to create Frr under different 

circumstances (Frampton et al., 2004; Ohms et al., 2010; Garmeh et al., 2011; Fabbri et al., 

2015).  Frampton et al. (2004) mentioned that the ability of TAPs to create high Frr is 

limited compared to bulk gels, but even low Frr values are sufficient for in-depth flow 

diversion applications.  Sandpack lab tests and simulation results indicate that injection of 

TAPs solution with the concentration of 1500 to 3500 ppm into the sand with a 

permeability of 560 to 670 mD can provide Frr values of 11 to 350 (Ohms et al., 2010). 

Garmeh et al. (2011) through lab test demonstrated the possibility of Frr reduction by 

washed-out. In their experiment, a sandpack with the permeability of 290 mD was treated 

with a solution of TAPs with a concentration of 5,000 ppm and aged for 50 days at the 

temperature of 30 °C. The maximum Frr of 80 was observed during the chase flood, but it 
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reduced to less than 60 after only 3 PV of water injection. Most recently Fabbri et al. (2015) 

studied the performance of TAPs in a 7.5 D core. In their experiment, a core was saturated 

with TAPs solution and aged for 41 days at the temperature of 50°C. The Frr value of 1.3 

was observed which reduced to 1.1 after 13 PV of water injection. 

The first trial field application of this technology as reported by Pritchett et al., 

(2003) also confirmed that low viscosity slug of Bright Water could be injected into the 

reservoir without any injection and propagation problems. This trial field application was 

conducted in Minas filed in Indonesia in 2001. During the trial, forty-two thousand barrels 

of a solution having 4500 ppm of micro-particles mixed with 1500 ppm of surfactant were 

pumped into the formation. The injection tracer test and pressure fall-off test confirmed 

that the sub-micron-particles could improve the injection profile without compromising the 

injection well by face plugging. The results also showed that sub-micron-particles could 

propagate considerable distance from the injector (125 ft). 

First commercial application of Bright Water was successfully implemented in 

Milne Point oil field in Alaska with incremental oil recovery of 60,000 bbls of oil (Ohms 

et al., 2010). Husband et al. (2010) also reported the application of Bright Water in Prudhoe 

Bay oil field in Alaska. In this project, three injectors of the field were treated with the 

injection of 630-645 bbls of Bright Water accompanied by 310-335 bbls of surfactant. The 

results of the treatment showed the incremental oil recovery of 500,000 bbls of oil and 4% 

reduction in water cut. These promising results further encourage the operators to expand 

the size of the project in this oil field. Trasher et al. (2016) reported that up to 2014 more 

than 90 treatments were implemented in Prudhoe Bay oil field alone. The application of 

Bright Water was not limited to Alaska. Some successful field application of this 

technology is also reported in Argentina (Yanez et al., 2007; Mustoni et al., 2010), Brazil 

(Roussennace and Toschi, 2010), Gulf of Suez (Towns et al., 2013), Tunisia (Fethi et al., 

2010) and most recently in Equatorial of Guinea (Choudhary et al., 2014). 

The application of Bright Water in fields also helps the operators to understand the 

conditions under which this technology should be considered. Several authors through lab, 

field and simulation works develop different criteria for TAPs application (Pritchett et al., 

2003; Yanez et al., 2007; Manrique et al., 2012; Thrasher et al., 2016). 
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  Early water breakthrough (at high water cut)  

 Water channeling problem (with cross-flow with moderate to low Kv/Kh) 

 Available oil in un-swept area 

 Transit time greater than 30 days and placement half-way between injector 

and producer (Pritchett et al., 2003, Manrique et al., 2012). Izgec et al. 

(2012) mentioned that slug closer to producer is more favorable. 

 Only sandstone reservoir and not suitable for carbonate reservoirs with 

fractures. 

 High pH (greater than six) for both injection water and reservoir.  

 Permeability contrast of at least 5 reported by Pritchett et al. (2003) while 

Thrasher et al. (2016) and Manrique et al. (2012) reported the permeability 

contrast of greater than 2 and 3, respectively. 

 Temperature: Pritchett et al. (2003) reported temperature range of 50-150 

oC while Manrique et al. (2012) specified 20-120 oC as the temperature 

range. 

  Water salinity of 70,000 ppm and 150,000 ppm were reported by Pritchett 

et al., (2003) and Manrique et al. (2012), respectively while (Fethi et al., 

2010) reported successful application of this technology up to the salinity 

of 260,000 ppm TDS. 

 Thief zone permeability of at least 100 mD (Pritchett et al., 2003) and 

maximum 3.4 and 2.5 Darcy reported by Frampton et al., (2004) and 

Thrasher et al., (2016), respectively. Yanez et al. (2007) reported easy 

propagation of TAPs into matrix sandstone with permeability of 50 mD. 

Town et al. (2013) specified the range of 50 to 4000 mD. Choudhary et al., 

(2014) reported the successful application of this technology in thief zone 

with permeability of 25 Darcy. 

Bai et al. (2015) mentioned that, because Bright Water is the combination of both 

surfactant and particles, it is difficult to distinguish the initial reason of the oil recovery 

improvement. However, no further article in the literature that argues the above statement 

was found. From the above discussions, that Bright Water technology showed satisfactory 

results in a good number of field applications especially when the conformance problem is 
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due to relatively low permeability thief zones in matrix reservoirs, but the exact range of 

permeability suitable for its application and other parameters still need to be studied. 

4.3 Comparison of polymer gel systems 

The six polymer gel systems discussed in this paper are compared based on their 

properties, their advantages, disadvantages, and types and location of field applications and 

summarized in Table 4-3. The important properties such as deep permeability reduction, 

relative permeability modification, gelation time and strength, selectivity of penetration 

into high permeability layers are among factors considered for comparison in Table 4-3. 

Furthermore, Table 4-4 can be referred for comparison of these technologies based on 

reservoir condition, such as reservoir temperature, formation water salinity, pH and thief 

zone permeability. The comparison of polymer gel systems provided in Table 4-3 and 

Table 4-4 could be beneficial to the operators and reservoir engineers in the selection of 

proper polymer gel systems. Conventional in-situ bulk gel systems: HPAM/Cr(III) acetate 

and PAtBA/PEI are mainly applied for near wellbore conformance control applications in 

both injector and producer wells. Novel microgels: CDGs, PPGs, SMG microgels and 

TAPs, mainly applied for in-depth flow diversion conformance control applications. 

Table 4-1: Comparison of polymer gel systems: advantages, disadvantages and field 

applications (reference to information in table within the text). 

Gel 

Category 

Gel System Descriptions  Advantages Disadvantages Field 

application 

C
o

n
v

en
ti

o
n

al
 I

n
-s

it
u

 B
u

lk
 

G
el

s 

 

 

HPAM/Cr 

(Acetate) 

   In situ bulk gel 

or partially preformed 

gel 

   High concentration 

polymer  

   Ionic intermolecular 

reaction 

  Widely applied 

system. 

   RPM 

properties: Frrw 

100-1000 times 

higher than Frro 

   Relatively low 

cost  

  Availability of 

chemical 

 

   Low temperature 

and salinity 

resistance 

  Precipitation at 

basic pH 

  Chromatographic 

separation, 

diffusion, dilution 

affect gelation 

 

   Mainly 

Water shut off 

& 

profile 

modification, 

In depth 

diversion in 

some fractures 
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PAtBA/PEI 

   In situ bulk gel  

   Covalent bonding 

   Nontoxic 

crosslinker  

   Controllable 

hydrolysis degree 

  Retarder and 

Strength  

Enhancer can be used  

 

   High 

temperature 

resistance  

   No 

precipitation at 

high pH  

   strong sealant 

   Propagation 

better than 

HPAM/Cr 

 

   Cannot be 

bullheaded  

 No RPM property 

   Not effective at 

acidic formation 

water 

   Cannot be used 

for in depth flow 

diversion 

  

   Field 

applications  

Middle East, 

Mexico, etc. 

   Near 

wellbore water 

shut off, 

casing leaks, 

etc. 

N
o

v
el

 M
ic

ro
g

el
s 

 

 

 

CDG 

    Dispersion of gel 

aggregates formed in-

situ 

   1-150 nm sized 

colloids  

   Intramolecular 

reaction  

   Low concentration 

polymer  10-1000 ppm  

   Low cost due 

to less chemical 

   High injectivity 

   Possibility of 

in-depth diversion 

  Large volume  

 

 

 

   Low thermal and 

salinity resistance 

   Debates over in 

depth permeability 

reduction ability 

   Not for fractured 

or high 

permeability thief 

zones 

   Pilot: in 

USA, China 

   Field 

applications in 

Argentina and 

Colombia. 

  In depth 

flow 

diversion 

 

 

 

 

 

 

PPG 

    Millimeter-sized 

preformed particles  

    Swell up to 200 

time by adsorbing 

formation water 

    Deformable when 

swelled  

   Pass through pore 

throat with various 

mechanisms  

 

   Size and 

strength 

adjustable  

   High thermal 

and salinity 

resistance 

   Not affected by 

chromatographic 

separation, 

dilution, etc. 

   RPM properties 

 

   Cannot be used 

for regular matrix 

   Possible wash 

out in fractures   

   Not effective for 

very high 

permeability 

fractures  

   Swelling can be 

limited at acidic 

condition 

   Widely used 

in China both 

fractured and 

mature water 

flooded matrix 

reservoirs. 

   In depth 

flow diversion. 

   Fracture 

water shut off 

 

 

 

 

Microgel 

   Micrometer-sized 

pre-cross-linked 

polymers  

   Size 0.3-2 µm 

   Reduce permeability 

with 

monolayer/multilayer 

adsorption  on rock 

surface 

   Various 

chemistry and 

properties 

   RPM property 

for water wet 

rocks at residual 

oil saturation  

   High thermal 

and salinity 

resistance  

   High 

manufacturing and 

handling cost 

   Not for fractured 

reservoirs 

  Specific size 

adjustment 

required 

 

   Field 

applications  

in Omani 

oilfields and 

China 

   Water shut 

off and in-

depth flow 

diversion. 

  

 

 

TAP 

   Small sized 

“Kernels” 

  1-10 µm  

  Pop like “popcorn” 

up to 10 times with 

time and heat 

 Require a thermal 

front (cold water 

injection) 

   Suitable for 

tight matrix thief 

zones  

   High 

temperature and 

salinity resistance 

  No injectivity 

issue and 

plugging near the 

wellbore 

 

   Not for fractures 

or high 

permeability 

channels 

   Sensitive to 

acidic pH 

 Low Frr and 

possibility of 

washout 

 

  Field 

application in 

Alaska, Brazil, 

Argentina, 
Gulf of Suez, 

Tunisia etc. 

  In depth 

flow diversion  
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Table 4-4: Comparison of the polymer gels based on the reservoir conditions (reference 

to information in table within the text). 

Gel 

Category 

Gel 

System 

Reservoir 

Temperature 

Salinity (TDS) pH Thief Zone 

Permeability 

In
-S

it
u

 

B
u

lk
 

HPAM/Cr 

(acetate) 

Up to 80 oC Up to 30,000 ppm 5.5-

7.5 

Matrix and 

Fractures 

PAtBA/PEI Up to 126 oC Not given > 8 Matrix and 

Fractures 

N
o
v
el

 M
ic

ro
g

el
s CDGs Up to 94 oC Up to 35,000 ppm Not 

given 

Matrix 

PPGs Up to 120 oC Up to 300,000 ppm > 6 > 0.3-1 D 

Microgels Up to 140 oC Up to 200,000 ppm Not 

given 

Matrix 

TAPs 20-150 oC Up to 260,000 ppm > 6 50-4000 mD 

 

HPAM/Cr (III) acetate gel system with relative permeability modification 

properties is suitable for selective water shut off treatment of high permeability layers with 

crossflow and extended fractures from aquifer. This system can reduce the risk of damage 

to oil producing layers. PAtBA/PEI gel system, on the other hand, is useful for non-

selective water shut off treatment. This system with addition of strength enhancer materials 

can provide sealing for near wellbore well integrity problems and also treatment of thief 

zones without crossflow. HPAM/Cr (III) acetate gel system application is limited to the 

reservoirs with temperature below 80℃ while PAtBA/PEI gel system with covalent 

bonding between polymer and cross-linker can withstand a higher temperature reservoir of 

120℃. 

Four different types of novel gels with various sizes from millimeter to sub-

micrometer sizes were used for in-depth flow diversions. The application of these systems 

is restricted by their size, their mechanisms and thief zone permeability. CDGs were 

applied in field applications for in depth permeability reduction of ordinary permeability 

matrix reservoirs. However, the effectiveness of this technology to provide flow diversion 

is still point of controversy in the literature. PPGs were used for high permeability matrix 

reservoirs and fractures. Due to their relatively large size, these particles cannot be used 

for matrix reservoirs with low permeability. The application of PPGs for super conductive 
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fractures were also limited due to wash out of particles by post water flood. TAPs and 

Microgels with small sizes were used to provide flow diversion in matrix reservoirs with 

moderate permeability. In terms of reservoir temperature and formation water salinity, the 

CDGs systems application is limited to reservoirs with temperature up to 94℃ and salinity 

of 35,000 ppm. While PPGs, SMG microgels and TAPs were developed to withstand 

higher temperatures and salinities. 

Based on the comparison of polymer gel systems provided in Table 4-3 and Table 

4-4, parameters such as temperature, salinity and thief zone permeability of the reservoir 

could be used by the operators and reservoir engineers in the selection of proper polymer 

gel systems. This is because temperature and salinity of the reservoir strongly influence the 

overall effectiveness of the selected polymer gel systems. When the thief zone permeability 

is low the application of some polymer gel systems may not be effective. For example, in 

the application of PPGs, due to the large size of the particles, the propagation of the gel 

system in the reservoir is restricted by small pore throat size.  
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CHAPTER 5 

Conclusions and Recommendations  

5.1 Conclusions 

In this study, a thorough review on the characteristics, development and field 

application results of six widely applied polymer gel systems for conformance control 

application in oil reservoirs was conducted. The study covered all six widely applied 

polymer gel systems that are not fully covered in the previous reviews.  This study provides 

an updated review that covers the important properties of these polymer gels such as, 

gelation time, gel strength, gel stability, sealing ability, swelling capacity, relative 

permeability modification, selectivity of penetration and in-depth permeability reduction. 

Factor affecting these properties and selection of polymer gel systems for conformance 

control such as, temperature, salinity, pH, thief zone permeability and gel system 

composition are discussed in detail. The results of this study is helpful to the reservoir 

engineers and oil filed operators to choose the proper gel system based on environmental 

conditions such as temperature and salinity of the reservoir. Furthermore, the development, 

advancements, merits and controversies on these technologies as reported in recent 

laboratory experiments and field applications studies are provided. Finally, the comparison 

of these gel systems based on their advantages, disadvantages and their performance at 

different reservoir conditions are summarized.  

These six systems include two conventional in-situ bulk gel systems: HPAM/Cr 

(III) acetate and PAtBA/PEI for water shut off and profile modification, and four novel gel 

systems: CDGs, PPGs, Microgels and TAPs for in depth flow diversion application.  

 For conventional in-situ bulk gel, the main concerns were risk of damage to oil 

zone, fast gelation at high temperature, gel strength, gel stability and 

chromatographic separation of chemicals before gelation. 

  HPAM/Cr (III) acetate gel system with relative permeability modification are 

suitable for selective water shut off treatment.  

 To increase the gel strength, gel thermal stability, gelant composition control and 

delay gelation time of HPAM/Cr (III) acetate gel system at temperature above 80 
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oC, various nanotechnologies such as cross-linker sequestration, nano-fly-ash and 

SiO2 nano-composites were introduced.  

 PAtBA/PEI gel system with controllable hydrolysis degree and high sealing ability 

can provide non-selective water shut off treatment at high temperature reservoirs.  

 Various retarders were added to gel recipe to delay gelation time of PAtBA/PEI gel 

system at temperature higher than 126 oC.  

 Strength enhancers, such as cement, silica flour and RSM were also used in field 

applications to improve the sealing ability and strength of this organically cross-

linked system for water shut off applications. 

 For in depth permeability reduction of fractures and matrix thief zones with various 

permeabilities, novel gels with millimeter to sub-micron meter size and different 

swelling capacities, thermal and salinity resistance were developed. 

  CDGs were reported to be successfully used in the treatment of matrix thief zones 

at low to moderate temperature reservoirs. However, laboratory experiments 

contradict the ability of this system to provide in depth flow diversion. 

  Microgels with various chemistry and properties were also introduced for matrix 

thief zones permeability reduction. However, due to the cost of manufacturing and 

handling of this system, economics of their application should be considered 

carefully. 

  For high permeability matrix thief zones and moderated fractures, PPGs with high 

swelling capacity, high temperature and salinity resistance were successfully 

implemented.  

 To prevent the washout of PPGs from extremely permeable fractures various 

methods such as, filling the gel pack with HPAM/Cr (III) gel, decreasing the gel 

pack permeability with using different particle size and re-assembling preformed 

particle gels were introduced in the lab experiments. 

  To further improve the PPGs thermal stability and strength, nanocomposites such 

as nano fly ash, sodium montmorillonite and starch were introduced in the 

laboratory experiments.  

  Temperature activated polymers (TAPs) with sub-micron size were introduced for 

in depth flow diversion of tight reservoirs with heterogeneity. For this system, the 
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mechanism of permeability reduction, applicable rock permeability and effect of 

surfactant need to be further studied. 

5.2 Recommendations 

Based on the results of the present study, the following recommendations for further 

research are suggested: 

1) The retarders used to delay the gelation time of conventional in-situ bulks gels 

showed negative effect on the final gel strength. Therefore, new retarders with 

subtle impact on gel final strength of in-situ bulk gel should be developed.  

2) Because the studies of nano-composites gel systems were restricted to their effects 

on gelation time or gel strength, future studies could focus on their effects on other 

properties of the gel systems such as relative permeability reduction, propagation 

into porous media and long-term thermal stability. 

3) Preformed particle gels are not applicable for super conductive fractures. Therefore, 

new PPGs with higher swelling capacity and reassembling properties should be 

developed for plugging of extreme fractures. 

4) Some laboratory experiments on propagation and permeability reduction of CDGs 

contradict the claimed benefits supported by field application results for the past 

two decades. The collaborative research is required to solve the long-lasting 

controversies. 

5) The synergistic effect of surfactant on improve oil recovery of TAPs field 

applications have been questioned in the literature. Therefore, clarification of this 

issue could be the subject of future studies. 

 Mathematical models and simulation results for transport and rheological properties 

of polymer gel systems were beyond the scope of this study. However, understanding the 

propagation and permeability reduction of polymer gel systems in porous media can help 

the reservoir engineers to optimize the treatment. In this content, a thorough review of 

available mathematical models and simulators could be a future review target. 
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